Introduction
Owing to the high affinity of boronic acids with some diols (e.g., sugars and catecholamines), their irreversible immobilization on electrode surfaces has appeared as a promising strategy toward the development of electrochemical (bio)sensing devices. 1, 2 Among the procedures used for attaching such functional units onto conducting surfaces, the incorporation in self-assembled monolayers 3, 4, 5, 6, 7, 8, 9, 10, 11 and in polymer films 12, 13, 14, 15, 16, 17 has been the most explored and some of these boronic acid-modified electrodes have been successfully applied for the electrical detection of sugars 1, 4, 12, 13 and catecholamines. 1, 6, 7, 14, 16, 17 Compared with polymer films, the monolayer approach offers some advantages because it allows a molecular-level control of the functional layer structure (homogeneity, ordering and packing density) which makes, for example, more sensitive electrochemical detection. In that context, the functionalization of 3 technologically important semiconducting surfaces, such as oxide-free, hydrogen-terminated silicon (Si−H) with molecular receptor-incorporating monolayers could constitute an attractive approach for designing novel interfaces for chemical/biological sensing. Indeed, Si-H has been demonstrated to be a particularly appealing substrate for electrochemical applications owing to the ease and reproducibility of its preparation, 18, 19 its well-defined structure, its very low density of electrically active surface defects, 20 and its propensity to be chemically modified with organic monolayers linked through nonpolar and robust interfacial Si−C bonds. 21, 22, 23, 24, 25, 26, 27 Moreover, unlike most of traditional electrodes (e.g. glassy carbon) used as working electrodes for the electrochemical sensing, silicon-based devices can be directly integrated within existing electronic circuitry 28, 29 and the numerous existing technological processes used for the microand nanopatterning of silicon are mature enough for producing highly miniaturized functional electronic components. For these reasons, such functional interfaces should show great promise for the monitoring of molecules of biological interest. Furthermore, it is noteworthy that the electrochemical detection of dopamine from a functionalized silicon surface is unprecedented.
Herein, we describe our results on the derivatization of Si(111)-H surfaces with boronic acidterminated monolayers. These surfaces were produced by direct hydrosilylation of Si(111)-H with vinylbenzeneboronic acid. They were thoroughly characterized by various experimental techniques including contact angle goniometry, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The electrochemical response of the boronic acid-modified surfaces was then used as the signal transduction pathway of the binding event between the immobilized boronic acid moieties and dopamine. To highlight the role of boronic acid group in the dopamine detection, a reference ethylbenzene monolayer on silicon was also prepared and electrochemically studied in the presence of the target guest. HPLC coupled mass spectroscopy, 34 electrochemistry, 35, 36 and field-effect transistors. 37 The electrochemical approach is very attractive because it is an easily scalable, costeffective method and allows dopamine determination with fast response time. However, for modified electrode-based electrochemical detection, attention must be paid to both the morphology and the ordering of the sensitive molecular layer which may impact on the measurement reproducibility. The surface was etched with ppb grade 40% aqueous argon-degassed NH4F for 15 min to obtain atomically flat, oxide-free hydrogen-terminated Si(111) surface (Si-H). 
Experimental Section

Surface Characterizations. XPS measurements were performed using a VSW HA100
system with MgKα photons at 54° incidence and a 45° takeoff angle. This angle is used to increase surface sensitivity, especially to check for Si-O bonds appearance. Spectra were fitted with a convolution of Lorentzian and Gaussian profiles using standard procedures. Binding energies are referenced to the main C 1s peak which is set at 285.0 eV.
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AFM images were recorded with a PicoSPM II microscope from Molecular Imaging using conventional gold coated-silicon nitride (contact mode) tips from Scientec.
Water contact angles were measured with a homemade goniometer under ambient conditions using a horizontal light beam to illuminate the liquid droplet. Uncertainty ±2°. All electrochemical measurements were carried out inside a homemade Faraday cage at room temperature (20 ± 2 °C) and under a constant flow of argon. 7
Electrochemical
Results and Discussion
The Si-EBBA surface was prepared from the photochemical reaction of 4-vinylbenzeneboronic acid at 300 nm for 3 h in the presence of Si(111)-H (Scheme 1). This direct hydrosilylation route yielded a boronic acid-terminated monolayer covalently bound to the silicon surface through strong Si-C bonds. AFM. Atomic force microscopy (AFM) analysis of the Si-EBBA surface shows a similar structure to that of Si(111)-H, with atomically flat, almost defect-free terraces consisting of about 3-Å-high steps (Figure 2 ). This result indicates that the covalent attachment of the boronic acidterminated monolayer did not alter the underlying surface morphology. Moreover, any contrast in friction images is not observed and any adventitious material is not removed upon a prolonged AFM tip scanning on the same place. Therefore, it can be concluded that the molecular monolayer continuously covers the substrate without forming isolated patches and islands. 
Electrochemical Sensing of Dopamine (DA) Using Impedance Spectroscopy.
Electrochemical impedance spectroscopy (EIS) was used to quantitatively monitor the reaction of DA with the immobilized boronic acid moieties of the monolayer using the negatively charged . For this circuit model, the diameter of the semicircle on the Z' axis corresponds to the resistance of charge transfer Rct. In the absence of DA, the R ct value determined at pH 7.4 is almost two orders of magnitude higher than that estimated at pH 4, namely 4.9 MΩ against 60 kΩ (Fig. 3a) . This demonstrates that charge transfer kinetics of the Fe(CN) 6 3-/4-couple at the modified electrode is much slower at pH 7.4 than at pH 4. Such results are not surprising and can be easily explained by electrostatic effects. At pH 4, the boronic acid units are globally neutral while at pH 7.4, the diffusion of the redox probe across the monolayer is totally impeded due to strong electrostatic repulsions between the formed boronate anion B(OH) 3 -and Fe(CN) 6 3-/4-. Now, in the presence of DA, Nyquist plots at pH 4 are not significantly modified because the guest is not able to bind to the immobilized boronic acid units (Fig. 3b) . In contrast, a drastic decrease of Rct upon increasing concentrations of DA is observed at pH 7.4 (Fig. 3c) . The Rct -
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(DA concentration) calibration curve displayed in Fig. 3d is characterized by an initial linear plot at low DA concentrations ( < 0.2 mM) followed by a plateau for larger concentrations indicating that all the accessible binding sites in the monolayer are occupied. The detection limit is found to be below 10 µM. We have also checked that the addition of ascorbic acid, which is the principal interfering species in the dopamine detection, into a DA solution (at 1 mM) did not affect significantly the EIS response of the Si-EBBA surface until a tested concentration of 10 mM.
Also interestingly, the original state of this electrochemical sensor can be recovered after immersion of Si-EBBA in an acid medium (pH ∼ 1-2) for few min. After this relatively simple chemical treatment, the EIS response is found to be similar to that before addition of dopamine,
indicating that the free form of the immobilized boronic acid moieties has been regenerated. where C is the experimentally observed capacitance, ω is the angular frequency and α is generally a value between 0.9 and 1 (α = 1 for an ideal capacitor). ZW is the impedance due to mass transfer of the redox species to the electrode described by Warburg, Rct is the chargetransfer resistance.
We have checked that the observed Rct changes were ascribed to the electrochemical activity of the redox probe alone. In the absence of the redox probe, the voltammetric oxidation of 
Conclusions
In this work, boronic acid-terminated monolayers have been covalently bound to oxide-free It is worth recalling that biologically meaningful concentrations of dopamine under in vivo conditions are usually in the range of 10-50 nM. 53 However, much larger concentration levels (until 50 µM) have been detected when the dopamine release was electrically stimulated. 54 18 Consequently, the system proposed herein would be capable of detecting such concentrations.
Moreover, it is believed that the detection sensitivity could be significantly improved using either a more sensitive electrochemical technique (e.g. differential pulse voltammetry with corrected background signals) or a miniaturized configuration (e.g. chemical field-effect transistor) which would be more appropriate for detection of dopamine within the mammalian brain.
Finally, some characteristics of the responsive monolayer could be also optimized in order to enhance the sensitivity parameter. Towards this goal, the dilution of the boronic acid-terminated chains with other molecular chains could be a promising strategy. Indeed, this should enable control of the surface coverage of the boronic acid units and improvement of both the quality and the packing density of the resulting mixed monolayer. In the case where the diluting chains are electrochemically active, we anticipate that the electrochemical detection of dopamine could operate without the need of a reporter couple in solution. In the future, silicon-based electronic devices incorporating such functional monolayers could be exploited for the real-time monitoring of levels of dopamine under physiological conditions.
Finally, it is obvious that the proposed approach that combines monolayer system and electrochemical detection method could be extended to other diols, such as sugars. electrode. This material is available free of charge via the Internet at http://pubs.acs.org.
